Background There is debate on how the effect of air pollution should be assessed. We propose an approach to estimate its impact on adult and infant mortality that integrates data from long-term epidemiological studies and studies of interventions to reduce pollution. We use the method to estimate the number of years of life lost (YLLs) attributable to air pollution during 1 year in Switzerland.
environmental policy. Seminal early work focused on quantifying the acute, short-term effects of ambient air pollution. 1 Today, health impact assessments are generally based on estimating morbidity and premature deaths [2] [3] [4] [5] as well as the number of years of life lost (YLLs), [6] [7] [8] using concentrationresponse functions derived from cohort studies with long-term follow-up. These studies assume that levels of air pollution vary across different population groups but remain constant over time within groups. Estimates of the change in risk following an intervention that leads to sustained increases or decreases in air pollution levels are scarce, despite the fact that this type of information is of obvious interest to policy makers.
A Health Effects Institute working group recently concluded that observational studies of interventions aiming to reduce air There is increasing evidence from epidemiological studies that outdoor air pollution is a determinant of mortality at the population level, but there is debate on how exactly its impact should be assessed. Reliable estimation of the burden of air pollution on the health of the public is essential to inform pollution may be useful in the context of health impact assessments. 9 This includes studies that examined the health effect of a sudden decrease or increase in exposure levels, for example, owing to a change in laws or regulations, or following the start or the end of operation of an air-polluting facility. The working group argued that data from such studies should inform future models of the health impact of air pollution.
We propose an approach to estimate the impact of air pollution on adult and infant mortality, which integrates data from long-term epidemiological studies and air pollution intervention studies. In this paper we describe the model, apply it to the estimation of the number of YLLs attributable to air pollution in Switzerland and compare results with those obtained with previously used methods. 10, 11 Methods Based on the work by Leksell and Rabl, 6 we developed a concentration-response model, which estimates the course of mortality after a sudden reduction of air pollution exposure. A reference scenario based on observed survival probabilities with the actual PM10 levels was compared with a hypothetical scenario where PM10 levels in Switzerland were reduced to 7.5 g/m 3 during 1 year (2000). Estimates of concentrationresponse associations between air pollution and mortality were obtained from the literature and used to modify the observed survival probabilities, taking into account that the effect of reduced levels during one year will wane with time. Life tables for the Swiss population were calculated using the modified and the observed survival probabilities. The difference between the two life tables is interpreted as the YLLs owing to the population's exposure to air pollution during the year 2000.
Identification and selection of relevant studies
We aimed to identify all population-based cohort studies of air pollution and adult mortality, which estimated the association between mortality and exposure to particulate matter (PM2.5, PM10, TSP, or black smoke). Cohort studies capture both shortterm and long-term effects of exposure to air pollution. When several analyses from the same cohort were available, the most recent results were considered. For infant mortality, effects of long-term exposure are less relevant by definition, and effect estimates were derived from cohort studies as well as from case-control studies and time series analyses. Studies that reported the effect on mortality of a sudden sustained change in particulate matter (PM2.5, PM10, TSP, or black smoke) were considered eligible 'intervention studies'. We searched Medline and Embase from inception to July 2003, the LUDOK specialist database (http://www.unibas.ch/ispmbs/LuG/welcome.html), and checked review articles and conference abstracts for eligible studies. We considered studies in any language.
Dynamic exposure-response model
We extracted estimates of the relative risk of death from all nonviolent causes from studies in adults у30 years and studies of infant mortality. No studies were identified for the age group 1-30 years. For each study, risk ratios were standardized to a change of 10 g/m 3 in PM10 exposure. PM2.5 and black smoke concentration were converted into PM10 concentration using a conversion factor of 1.33. 12, 13 We used random-effects and fixed-effects meta-analysis to combine standardized risk ratios from different studies. We calculated the I 2 statistic, which describes the percentage of total variation across studies that is due to heterogeneity rather than chance and performed standard tests of heterogeneity. 14, 15 For infant mortality the effect of air pollution was by definition assumed to occur within one year. For adult mortality the pooled relative risk estimate from cohort studies served as the basis for the development of a dynamic model, which assumed an exponential decrease of risk after exposure termination, of the form risk = exp Ϫkt where k is the time constant and t is time after t 0 . The relative risk from air pollution (RR) at a given time point (t) can then be calculated from the excess relative risk attributable to air pollution (ERR = RR Ϫ R 0 ), as follows: (1) where R 0 is the baseline relative risk in the absence of air pollution (R 0 = 1) and k refers to the time constant. After cessation of exposure, mortality will start to decline and approach baseline. The change in mortality (∆M) in percentage during a given time period (0 Ϫ t) can be derived from Equation (1) as follows: (2) The unit of ∆M is percent-years: the percentage change in mortality is multiplied with the time period (e.g. 3% reduction of mortality during 2 years equals 0.06). Estimates of the change in mortality (∆M) per 10 g/m 3 decrease in PM10 levels can be obtained from intervention studies. Integrating Equation (2) gives:
From Equation (3) we determined k iteratively by entering the combined relative risk from the meta-analysis of cohort studies (RR) and the observed change in mortality (∆M) from studies of the effect of interventions on air pollution and mortality during a given time period (t). We calculated k for each available intervention study, and the results informed our choice of a range of constants k for calculating YLLs.
Application to Switzerland
We used the model described above to estimate the number of YLLs attributable to air pollution in Switzerland in 2000. We estimated population exposure using a dispersion model that considers primary particulate matter, secondary particles formed in the atmosphere from precursor emissions, and transboundary large-scale PM10. 16 Model inputs were emission inventories of PM10 as well as emission inventories or modelled exposure distributions of the precursor substances (NO 2 , SO 2 , VOC). We modelled population exposure distribution at a spatial resolution of 0.04 km 2 (200 m ϫ 200 m grid). 17 The lowest exposure level was 7.5 g/m 3 . The possible health impact of air pollution exposure below this concentration was not considered.
YLLs were calculated based on life tables, using the observed survival probabilities in Switzerland in the year 2000 as the reference scenario. Using modified survival functions the alternative scenario assumed that the population was not exposed to
Results

Identification and selection of studies
We identified four studies on the effect of air pollution on adult mortality: the Six-Cities study, 18 the American Cancer Society study, 19 the Netherlands Cohort study on Diet and Cancer, 20 and the Adventists study. 21 The last study was performed in nonsmoking California Senventh-day Adventists who are not representative of the general population and was therefore excluded. Table 1 shows the characteristics of the three included cohort studies. Figure 2 presents the meta-analysis of estimates of the relative risk of death. There was moderate between study heterogeneity (I 2 = 46%, P = 0.16 from test of heterogeneity). The combined relative risk from fixed-effect analysis was 1.059 (95% confidence interval (CI) 1.031-1.088) per 10 g/m 3 increase in average PM10 concentration. For infant mortality we identified two time series studies, 22, 23 two cohort studies, 24, 25 and one case-control study (Table 1) . 26 All these studies were included in the meta-analysis. Results were heterogeneous (I 2 = 85%, P Ͻ 0.001), mainly owing to a study, 24 which showed a greater relative risk than the other studies ( Figure 3 ). The combined relative risk from random-effect meta-analysis was 1.056 (95% CI 1.026-1.088) per 10 g/m 3 increase in average PM10 exposure.
We identified three potentially eligible studies of interventions to reduce air pollution. One study 27 was excluded because SO 2 but not particulate matter was studied. The first of the included studies examined the effect of shutting down a steel mill in the Utah Valley on mortality during the following year. 28 The average PM10 exposure level decreased by 15 g/m 3 and mortality by 3.2%. The second study investigated the impact of introducing the coal ban in Dublin. 29 Following the new legislation the black smoke levels declined by 35.60 g/m 3 and mortality by 5.7%.
Modelling YLLs owing to air pollution in Switzerland
A linear approximation of the results from the steel mill study yielded a 2.1% decrease in mortality per 10 g/m 3 decrease in air pollution Ͼ7.5 g/m 3 during the year 2000; thereafter air pollution levels returned to previous values. According to the steady state model, reduction of air pollution will result in increased survival probabilities exclusively in the respective year. With the dynamic model survival probabilities will also be affected in subsequent years ( Figure 1) . The steady state model was used for infant mortality and the dynamic model for adult mortality. The difference between the life tables obtained from the reference and the alternative scenario is interpreted as the YLLs attributable to air pollution during the year 2000. PM10 during 13 months. Using this figure and the combined relative risk of 1.059 from the meta-analysis of cohort studies, Equation (3) gave a time constant k of 0.88. The coal ban study showed a 1.6% decrease in mortality per 10 g/m 3 PM10 during 6 years. This corresponded to a time constant k of 0.11. Based on these results we determined YLLs for time constants k of 0.1, 0.2, 0.5, 1, 3 and infinity. Table 2 (Table 3) . This corresponds to 5882 (95% CI 3135-8822) YLLs per million of the Swiss population. Relative risk and proportion of total effect in each year are shown, assuming a time constant k of 0.5. 
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Discussion
We used data from population-based cohort and case-control studies to obtain an average concentration-response function describing the steady state, and results from intervention studies to estimate the decrease in risk following termination of an exposure. These data were used to populate a dynamic model that allows estimation of the change in mortality following increases or decreases in air pollution levels. There is uncertainty regarding the choice of an appropriate time constant, but it seems likely that a substantial proportion of the benefit of reducing pollution levels manifests itself within a few years after the reduction has taken place. Of note, the estimation of the total number of YLLs was little affected by the choice of the time constant. Indeed, in this respect, the time constant was unimportant compared with the uncertainties associated with the relative risk estimates from epidemiological studies.
Strengths and weaknesses
The dynamic model builds on external evidence from interventions that reduce pollution. It allows more solid assessments of likely changes in mortality following defined reductions (or increases) in air pollution levels than the widely used models assuming steady-state conditions. It is this type of information that policy makers often need, for example, when deciding on whether an air polluting facility should be allowed to be built or closed down. In general, data from intervention-type studies complement the evidence from prospective studies on long-term effects and time-series studies on acute effects. Effect estimates from time series studies are an order of magnitude lower than those obtained from cohort studies, because by design they are concerned with effects following exposure within a few days. 30 The two currently available intervention studies occupy the middle ground between cohort and time-series studies as they reported effects over 1 year 28 and 6 years. 29 Our case study for Switzerland illustrates that the approach can also be used to estimate the total impact of air pollution during a defined period of time, using a scenario and framework that may facilitate communication with policy makers and the public at large.
Our model and application also has a number of limitations. Most importantly, no empirical data exist that could ultimately confirm the accuracy of our model. For example, although an exponential decrease is often observed in biological systems, we cannot prove that assuming an exponential form of the curve is appropriate. Its shape may differ for different outcomes, for example, coronary heart disease and lung cancer. 6 This could be examined empirically in very large intervention studies by estimating changes in risk at different time points and for different outcomes. Also, the approach we used to determine the time constant can only produce a solution if the intervention studies report smaller effect estimates than the cohort studies (see Equation 3 ), but that is expected if the cohort studies examine the long-term effects of cumulated exposure. The two intervention studies found a similar effect in the first year after exposure reduction, in the order of a 1-2% decrease in mortality per 10 g/m 3 reduction in PM10 concentration, which is compatible with the increase of mortality over several years of ~6% per 10 g/m 3 increase in PM10 that was observed in the cohort studies.
In our case study for Switzerland, we assumed that levels of PM10 р7.5 g/m 3 are not harmful; however, for low and very low concentrations of PM10, the concentration-response function is uncertain, and it is unclear whether a no-effect threshold exists. Finally, we did not consider the impact of air pollution on mortality of age groups 1-30 years but it is clear that from ~5 to 30 years the mortality is so low that the effect of pollution can be assumed to be negligible. Although response functions were very similar for adult and infant mortality, and YLLs are large for an infant death, infant mortality contributed only 4% of all YLLs. This is owing to the low infant mortality rates.
Comparison with other studies
Previous assessments of the impact of air pollution on health have generally been based on steady state models. [2] [3] [4] [5] 10 The only exception, to our knowledge, is the study by Leksell and Rabl, who estimated the loss of life expectancy owing to air pollution for the European Union. 6 Interestingly, the time constant was estimated from smoking cessation studies, rather than studies of air pollution, which may be considered problematic. Results were nevertheless comparable: Leksell and Rabl reported 0.22 days lost per 1 g/m 3 increase in PM2.5 per person and year of exposure. The corresponding figure for Switzerland, taking into account the size of the Swiss population and the different type of particulate matter (PM10), is 0.24 days. These similar figures underline that the choice of the time constant has little impact on the total number of YLLs estimated by the model. US Studies estimated about 22 000 smoking-attributable YLLs per million of the population, 31, 32 which is four times higher than our estimate for outdoor air pollution. In contrast to smoking the whole population is exposed to air pollution, and air pollution cessation is not a choice available to the individual.
Implications and future research
Our findings and those from the previous study 6 demonstrate that steady-state and dynamic models will produce similar estimates of the total YLLs. Thus, if one is interested exclusively in the number of YLLs, the simpler steady-state approach will generally be appropriate. However, in many health impact assessment contexts the date of the prevented event is of interest. For example, the monetary value of a prevented death in the future will differ from the value of a death that is prevented in the present. Clearly, more data are needed from large epidemiological studies of mortality and air pollution, and particularly from studies of interventions that reduced or increased pollution levels. Future studies of interventions should ideally report results for the same indicators of total air pollution used in the studies that provide the concentration-response functions.
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